The protein, dysferlin, mediates sarcolemmal repair in vitro, implicating defective membrane repair in dysferlinopathies.To study the role of dysferlin in vivo, we assessed contractile function, sarcolemmal integrity, and myogenesis before and after injury from largestrain lengthening contractions in dysferlin-null and control mice. We report that dysferlin-null muscles produce higher contractile torque, and are equally susceptible to initial injury but recover from injury more slowly. Two weeks after injury, control muscles retain £uorescein dextran and do not show myogenesis. Dysferlin-null muscles do not retain £uorescein dextran, and show necrosis followed by myogenesis. Our data indicate that recovery of control muscles from injury primarily involves sarcolemmal repair whereas recovery of dysferlin-null muscles primarily involves myogenesis without repair and long-term survival of myo¢bers. NeuroReport 19:1579^1584
Introduction
Dysferlin is an approximately 230-kDa protein of the sarcolemma and cytoplasmic vesicles of skeletal muscle [1, 2] . Mutations in the dysferlin gene are linked to three muscular dystrophies (dysferlinopathies) that differ in their clinical presentation: limb-girdle muscular dystrophy type 2B [3] , Miyoshi myopathy [4] , and distal anterior compartment myopathy [4] . Naturally occurring animal models of dysferlin deficiency, such as the A/J and SJL/J strains of mice, as well as dysferlin-null mice generated by homologous recombination, have been studied to elucidate the role of dysferlin in skeletal muscle [2, 5, 6] . Myofibers isolated from dysferlin-null mice and studied in vitro are defective in sarcolemmal repair, suggesting that this may underlie pathogenesis in dysferlinopathies [2] , but a role for dysferlin in the repair of the sarcolemma in vivo has not been reported.
Physiological injuries to skeletal muscle frequently involve lengthening ('eccentric') contractions that can damage the sarcolemma, compromising the survival of injured myofibers [7] . Lengthening contractions, such as those induced by downhill running, are often used to study sarcolemmal stability [2] and the mechanisms underlying the recovery of normal muscular function [8] . Recovery from injury induced by large-strain lengthening contractions, however, has seldom been used to study the survival of injured myofibers or the mechanisms underlying it. We recently showed that in vivo recovery of contractile function in the tibialis anterior (TA) muscle of the rat, following injury to the ankle dorsiflexors (DFs) from a single largestrain lengthening contraction, involves long-term repair of damaged sarcolemmae and survival of injured fibers without significant levels of myogenesis, whereas recovery from 150 small-strain lengthening contractions requires myogenesis without long-term survival or sarcolemmal repair [7] . A similar large-strain injury (LSI) can be induced in the ankle DFs of the mouse by 15 large-strain lengthening contractions, which produce an immediate loss of contractile function followed by recovery over 3-7 days even when satellite cells are ablated by X-irradiation before injury (not shown). Here we show that recovery of control muscles in vivo is associated with membrane repair and long-term survival of injured myofibers without myogenesis, whereas recovery of dysferlin-null muscle occurs through myogenesis, without significant long-term survival of injured fibers. As a result, dysferlin-null muscle recovers more slowly from injury than control muscle.
Materials and methods
We induced injury and studied recovery of function in the whole ankle DF group and then examined TA muscles, which account for most of the torque generated by this muscle group [9] . Induction of injury, measurement of contractile function, and collection of tissues were performed under general anesthesia obtained by intraperitoneal injection of ketamine and xylazine (40 and 10 mg/kg, respectively).
Animals
We studied three inbred strains of mice, A/J, A/WySnJ, and C57Bl/6J (n¼40 per strain; male, 12-14 weeks of age; Jackson Laboratory, Bar Harbor, Maine, USA). A/J mice lack dysferlin and so model human dysferlinopathies [5] . As A/J mice first develop a pronounced dystrophic phenotype at approximately 5 months of age, the mice we studied only showed a mild phenotype. A/WySnJ mice, which express dysferlin but otherwise share a genetic background with A/J mice [5] , served as controls. C57Bl/6J mice were used as additional controls because they express normal amounts of dysferlin [5] , have no documented skeletal muscle abnormalities, and are widely used to study contraction-induced injury [10, 11] . All protocols were approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
Injury model and assessment of contractile function
We used 15 lengthening contractions to yield approximately 40% loss of function of the DFs. For each lengthening contraction, DFs were tetanically stimulated for 300 ms; 150 ms after onset of stimulation, the ankle was plantarflexed from 90 to 1701 at an angular velocity of 9001/s. A 3-min rest between successive lengthening contractions minimized the possible effect of fatigue. We measured maximal tetanic torque of the DFs before and 10 min after injury, and then 7 and 14 days later, to assess contractile function. The rig used for injury induction and measurement of ankle DF torque has been described [7, 12, 13] . Isolated contractions of the ankle DFs were elicited by depolarizing the peroneal nerve transcutaneously with a bipolar electrode (BS4 50-6824, Harvard Apparatus, Holliston, Massachusetts, USA) placed over the head of the fibula. Impulses of 0.1 ms duration were generated by an S48 square pulse stimulator (Grass Instruments, West Warwick, Rhode Island, USA); a PSIU6 stimulation isolation unit (Grass Instruments) between the electrode and stimulator limited current amplitude to 15 mA. Pulse amplitude was adjusted to obtain maximal twitch torque, and 300 ms trains of varying pulse frequencies were used to plot a torque-frequency curve. Maximal fused tetany was obtained at Z80 Hz for all three strains of mice studied.
Membrane repair
Fluorescein dextran (FDx; 10 kDa, anionic, lysine fixable; Invitrogen, Carlsbad, California, USA), injected intraperitoneally (5 mg/ml in PBS, 0.01 ml/g body weight) 1 h before injury, was used to assess membrane damage and resealing. FDx enters the cytoplasm of myofibers with sarcolemmal damage and becomes trapped inside if the sarcolemma reseals [14, 15] . Dye-injected animals were perfuse-fixed with 2% paraformaldehyde in PBS under general anesthesia. Isolated TAs were cryoprotected with 20% sucrose in PBS, frozen slowly at À301C and cryosectioned to obtain 16 mm cross-sections. Dye was visualized under confocal fluorescent optics (Zeiss LSM410, 25X objective, pinhole size¼13; Carl Zeiss, Poughkeepsie, New York, USA). Myofibers retaining FDx, 7 and 14 days after injury, were scored as having been damaged initially but surviving injury with resealed sarcolemmae.
Myogenesis
We assessed myogenesis by counting the number of centrally nucleated fibers (CNFs) [16, 17] and the number of myofibers expressing the developmental isoforms of the heavy chain of myosin (dMHC) [18] . We counted CNFs on 8 mm frozen cross-sections of unfixed, snap-frozen TA muscles stained with hematoxylin and eosin, and counted myofibers expressing dMHC on 16 mm frozen cross-sections from the same muscles (VP-M664, Vector Laboratories, Burlingame, California, USA). Sections labeled for dMHC were colabeled with antibodies to dystrophin (NCL-Dys2, Novocastra Laboratories, Newcastle upon Tyne, UK). As both antibodies are monoclonals, we labeled them directly with alexa 488 and 594 dyes respectively (Zenon Tricolor, Z-25070, Invitrogen). Fluorescence images were obtained by laser scanning microscopy under confocal fluorescent optics.
Necrosis
We assessed necrosis as described [19] , in hematoxylin and eosin-stained sections, and sections labeled for dystrophin and mounted with Vectashield containing 4 0 ,6-diamidino-2-phenylindole (DAPI; H-1200, Vector Laboratories) to label nuclei.
Fiber size heterogeneity
To assess heterogeneity in fiber size, we measured the minimal Feret's diameters of greater than 500 muscle fibers for each mouse strain at each time point and analyzed them as described [20] . 
Statistical methods

Results
Functional data
The maximal tetanic torques generated by the DFs of uninjured C57Bl/6J, A/J, and A/WySnJ mice were 2.870.6, 2.670.3, and 2.170.1 Nmm, respectively, but the ratios of torque to the weight of the TA muscle were 5178, 6174 (Po0.0001), and 5175 Nmm/g, respectively.
The loss of contractile torque immediately after LSI and the recovery of torque over a 14-day period are shown in Fig. 1a . Immediately after LSI, the torque decreased to 6278, 6175, and 6276% of respective preinjury levels in C57Bl/6J, A/J, and A/WySnJ mice. The torque lost after LSI recovered to preinjury levels in both C57Bl/6J and A/WySnJ mice within 1 week, but A/J mice required 2 weeks to recover to preinjury levels. Thus, dysferlin-null muscles are equally susceptible to initial injury from LSI as controls, but they require more time to recover.
In vivo membrane repair Data on FDx entry and retention are presented in Fig. 1b , with representative images in Fig. 2a . TA muscles of all three strains showed no significant difference in the number of fibers with cytoplasmic FDx before or immediately after injury. With time after injury the number of fibers with FDx, however, decreased significantly in dysferlin-null muscles but not in controls.
Myogenesis
We examined the possibility that myogenesis compensates for defective membrane repair in dysferlin-null muscles by counting CNFs (Fig. 1c and 2b ) and myofibers expressing dMHC ( Fig. 1d and 2c) .
Uninjured TA muscles from the control strains had less than 1% CNFs, whereas uninjured A/J muscles had 776% CNFs (Po0.0001). After LSI, we found no significant increase in CNFs in the TA muscles of either control strain, at any of the time points assayed. In contrast, CNFs in A/J muscles increased by about five-fold 14 days after LSI (34710%, Po0.0001 compared with uninjured muscles).
Myofibers expressing dMHC did not exceed 5% in the TA muscles of either C57Bl/6J or A/WySnJ mice at any time postinjury. In TA muscles from A/J mice, however, myofibers expressing dMHC increased by about four-fold, from 472% before injury to 1875% of myofibers at 7 days after injury (Po0.0001). The expression of dMHC in uninjured TA muscles from A/J mice was also significantly greater than expression in uninjured TA muscles from either control strain (Po0.0001).
Our CNF and dMHC data are supported by measurements of the minimal Feret's diameters of fibers from control and dysferlin-null mice before and after injury ( Fig. 3) . Compared with A/WySnJ muscles, uninjured muscles from A/J mice showed more fiber size heterogeneity with a shift from larger to smaller fibers, consistent with low levels of degeneration and regeneration even in uninjured muscle. Seven days after LSI, the number of small fibers increased in A/J muscles, compared with uninjured A/J. This was accompanied by a concomitant decrease in the percentage of larger fibers. Such a shift in fiber size toward the smaller ranges after LSI was not seen in A/WySnJ muscles.
Necrosis
The slower rate of recovery of contractile function, lack of FDx retention, and increased myogenesis after injury suggest that dysferlin-null muscle fibers do not survive LSI and are replaced by new muscle fibers within 2 weeks. We therefore studied the extent of necrosis at different times after LSI. As we did not find appreciable differences in the extent of necrosis between A/J and A/WySnJ muscles before injury, immediately after injury, and at 7 and 14 days later, we focused our attention on muscles at 3 days postinjury. We chose this time based on earlier work showing a peak in macrophage infiltration and necrosis 3 days after muscle injury, generated by other models [8] .
We found extensive necrosis and inflammatory cell infiltration only in dysferlin-null muscles (Fig. 4 ), suggesting that dysferlin-null fibers injured by LSI undergo necrosis, thus giving rise to the need for myogenic replacement.
Discussion
Our experiments address the role of dysferlin in the physiology of skeletal muscle, and specifically in the response of skeletal muscles to injuries induced by largestrain lengthening contractions. Our data demonstrate that torque normalized to muscle weight is higher in dysferlinnull muscles, a result that has not been previously reported.
In agreement with an earlier study of dysferlin-null mice exercised by running downhill [2] , we found that they are no more susceptible to initial injury from LSI than controls. They do, however, recover contractile function after LSI more slowly than controls, and they recover by a mechanism that, unlike two strains of control mice, involves the replacement of injured myofibers by myogenesis. Muscles in control mice recover from LSI by resealing of damaged sarcolemmal membranes without showing significant levels of myogenesis. In contrast, injured myofibers (a) Labeling of myoplasm by £uorescein dextran (FDx, green) before injury and immediately after injury, and its retention or lack of retention 14 days after injury. Two weeks after injury, ¢bers that were labeled initially by FDx were preserved in control but not in dysferlin-null muscle. (b) Increase in centrally nucleated ¢bers 14 days after injury in dysferlin-null but not control muscles. (c) Developmental isoforms of the heavy chain of myosin (dMHC, green) were present in many more ¢bers of dysferlin-null than control muscle at 7 days postinjury. Antibodies to dystrophin label the sarcolemma (red). in dysferlin-null mice do not survive after several days following injury, as indicated by extensive necrosis 3 days after injury as well as by the disappearance of FDx-labeled myofibers. Instead, dysferlin-null muscles recover by generating new muscle fibers, as indicated by the presence of CNFs, myofibers expressing dMHC, and fibers with small diameters. Myogenic recovery of muscles after injuries caused by lengthening contractions requires a longer period of time than recovery mediated by the repair of damaged sarcolemma and the replacement of proteins lost in injured myofibers [7] . We propose that the delayed recovery of dysferlin-null muscles from LSI is due to the additional time required for myogenesis to replace damaged myofibers that are unable to survive sarcolemmal damage caused by the injury. As dysferlin-null muscles recover completely from LSI, primarily by generating new myofibers, our results suggest that myogenic mechanisms can be activated to restore muscle function after injuries from large-strain lengthening contractions when other, perhaps more local, repair mechanisms are insufficient or impaired. Although it remains to be determined if the presence of dysferlin modulates myogenic mechanisms in healthy muscle, our results clearly indicate that the absence of dysferlin affects both the time course and the mechanism of recovery from physiological injury in vivo. TA muscles from both control strains of mice retain FDx 2 weeks after LSI, suggesting that control myofibers reseal their sarcolemmal membranes, trapping FDx in their myoplasm, and that they survive for 7-14 days after injury, when functional recovery from LSI is complete. In contrast, myofibers from A/J mice that sustain sarcolemmal damage and take up the dye at the time of injury are lost within a week, suggesting that long-term survival is compromised in dysferlin-null myofibers. The delayed recovery of A/J muscles after injury may be caused by the failure of their sarcolemmal membranes to repair themselves, because of the absence of dysferlin [2] . Our results show that at least some fibers undergo necrotic cell death and are replaced by myogenesis. We cannot rule out the possibility that other fibers are repaired utilizing alternative pathways, including those mediated by annexins, other ferlin family members (e.g. myoferlin), or related proteins, such as synaptotagmins, which may allow them to survive, but with delayed recovery. The unusual involvement of such proteins may also trigger an exaggerated inflammatory response [21] that affects survival and recovery. We are currently testing these possibilities.
Conclusion
Recovery of control skeletal muscle from contractioninduced injury in vivo is associated with membrane repair and long-term survival of the injured myofibers without myogenesis. In contrast, the recovery of dysferlin-null muscle occurs through myogenesis, without significant long-term survival of injured fibers.
